Summary. We present results of the second experiment on the chemical identification of element 112. Similar to the first test in 2000 [1] , we aimed at the production of the spontaneously fissioning 283 112 nuclei with T 1/2 ≈ 3 min. A nat U 3 O 8 (with some Nd) target, 2 mg of U/cm 2 thick, was bombarded with 233-MeV 48 Ca ions (the energy in the middle of the target layer). The nuclei recoiling from the target were thermalized in flowing helium. The target chamber was connected through a 25 m long capillary to detectors of α-particles and fission fragments. All the equipment and detectors were kept at ambient temperature. According to the test experiments, of all the heavy elements produced in the bombardment, only Hg, Rn and At could be transported to the detectors. The first detecting device was similar to that used earlier [1] -an assembly of 8 pairs of PIPS detectors coated with gold. Here one would observe the decay of element 112 atoms if they like Hg adsorbed on gold. The atoms which were not retained and freely passed through the PIPS detectors entered a new, flow-through ionization chamber, 5000 cm 3 in volume, optimized for detecting fission fragments. The PIPS detectors and the ionization chamber were placed inside a large assembly of 3 He -filled neutron counters to detect prompt neutrons from the fission events. In 22.5 days, a beam dose of 2.8 × 10 18 ions was accumulated. More than 95% of the simultaneously produced α-active 185 Hg (T 1/2 = 49 s) were found deposited already on the first pair of PIPS detectors; meanwhile, all the PIPSs did not detect any fission event.
Summary.
We present results of the second experiment on the chemical identification of element 112. Similar to the first test in 2000 [1] , we aimed at the production of the spontaneously fissioning 283 112 nuclei with T 1/2 ≈ 3 min. A nat U 3 O 8 (with some Nd) target, 2 mg of U/cm 2 thick, was bombarded with 233-MeV 48 Ca ions (the energy in the middle of the target layer). The nuclei recoiling from the target were thermalized in flowing helium. The target chamber was connected through a 25 m long capillary to detectors of α-particles and fission fragments. All the equipment and detectors were kept at ambient temperature. According to the test experiments, of all the heavy elements produced in the bombardment, only Hg, Rn and At could be transported to the detectors. The first detecting device was similar to that used earlier [1] an assembly of 8 pairs of PIPS detectors coated with gold. Here one would observe the decay of element 112 atoms if they like Hg adsorbed on gold. The atoms which were not retained and freely passed through the PIPS detectors entered a new, flow-through ionization chamber, 5000 cm 3 in volume, optimized for detecting fission fragments. The PIPS detectors and the ionization chamber were placed inside a large assembly of 3 He -filled neutron counters to detect prompt neutrons from the fission events. In 22.5 days, a beam dose of 2.8 × 10
18 ions was accumulated. More than 95% of the simultaneously produced α-active 185 Hg (T 1/2 = 49 s) were found deposited already on the first pair of PIPS detectors; meanwhile, all the PIPSs did not detect any fission event.
In the ionization chamber, eight fission events were observed in coincidence with neutron counts while the expected background was insignificant. Hence, the spontaneous fissions of the volatile activity can be conclusively attributed to the decay of element 112 produced in the fusion reaction 48 Ca + 238 U, and formerly observed in Dubna physical experiments. Evaluation of the experimental data in terms of the adsorption enthalpies indicates much weaker interaction of element 112 with Au than that of Hg. One can conclude that in the given
Introduction
Chemical studies of element 112 (E112) are of great interest. They might test the predicted strongly pronounced "relativistic effects" in chemical properties of the element and provide an independent determination of its atomic number and decay properties. E112 has been obtained [2, 3] directly in the 238 U ( 48 Ca, 3n) reaction and also as the daughter of 287 114 produced in the 242 Pu ( 48 Ca, 3n) reaction. According to its ground state electronic structure, E112 belongs to group 12 of the Mendeleev Periodic System, and is the nearest homologue of Hg. Then, based on classical extrapolations, E112 can form stronger bonds with surfaces of some metals, than is the bonding between E112 atoms in the hypothetic metallic phase [4] . At the same time, relativistic quantum chemistry predicts increasingly strong "relativistic effects" in the chemistry of superheavy elements (SHE) [5] [6] [7] [8] [9] . The calculated contraction stabilizes the spherical s and p 1/2 electron orbitals, which more efficiently shield the nuclear charge and thus destabilize the p 3/2 -and d-orbitals. This may strongly influence the chemical behavior of the 7s and 7s7 p 1/2 elements, E112 and E114. They are sometimes predicted to approach noble gases in volatility and chemical inertness [8] .
Many authors expected elements from112 to 118 to possess unique volatility. In the 1970s, a Dubna group proposed to use the volatilization and similar gas-phase techniques for the chemical separation and identification of SHE 112-118 in the atomic states [4, [10] [11] [12] [13] [14] [15] and applied them in the first experiments aimed at the search of SHE [15, 16] . The adsorption behavior of SHE homologues was characterized by thermochromatography in metallic columns [17, 18] . At the same time, a method of estimating adsorption energies on metals was proposed and employed to help the realiza-tion of such experiments [19, 20] . Experiments confirmed the predicted rather strong interaction of the atoms of SHE homologues with the surface of transition metals. Numerous thorough tests were made with the carrier free Hg isotopes having in mind E112 [1, [21] [22] [23] [24] . Noble metals Au, Pd and Pt were found to adsorb Hg atoms very strongly, provided that if the surface was clean and above all free of oxides. Gold is the best choice for adsorbing Hg from the inert gas atmosphere at ambient temperature.
One of the most attractive nuclides for the first chemical identification in the SHE region is the ≈ 3-min SF-isotope 283 112. It has a long enough half-life, it is produced in the bombardment of 238 U, and its formation cross section is several times higher than that of the isotopes of E114 and E116 in the bombardment of 242, 244 Pu and 248 Cm, respectively [3, [25] [26] [27] . A disadvantage is the necessity of detecting just the SF events (not a decay chain).
The expected enhanced volatility of E112 makes it an ideal object for the study of its chemical behavior in the elemental state by gas-phase chemical methods. The possible strong interaction with suitable metallic surfaces at room or even lower temperatures opened up good prospects for using modern semiconductor detectors for on-line detection of volatile SHE on one-atom-at-a-time level. But some calculations and prognoses made for E112 predicted a weaker interaction with Au and a higher volatility than that of Hg [4, 19, 20, 23, 24, 28, 29] . Hence, one has to investigate the volatility and adsorption behavior of E112 in comparison with those of Hg and Rn. As the first stage, in our recent experiment [1] we tried to detect E112 assuming that the behavior of 112-atoms is "Hg-like", i.e. it would rather strongly adsorb on metallic gold at ambient temperature. We observed that the simultaneously produced 49-s Hg isotope completely deposited on the surface of PIPS detectors coated with Au or Pd but SF events were not detected. As only some two spontaneous fissions could be expected, the zero was not significant enough from the statistical point of view to conclusively indicate "Rn-like" behavior of E112. Hence, as the second stage, we had to achieve a higher beam dose and to detect the E112 atoms in both possible cases: 1) if E112 is a homologue of Hg and thus adsorbs on gold at ambient temperature and 2) if the interaction with gold is weak and E112 passes through the PIPS detectors together with Rn. For that case, a special flow-through ionization chamber was designed to register the decays.
Experimental

Detector for the Rn-like activity
There are two possibilities of detecting Rn-like element: to cool the semiconductor detectors to much lower temperatures so that they again retain atoms of E112, or to use a different device for direct registration of decays of E112 in gas at room temperature.
Thermochromatographic behavior of Rn on metallic surfaces was investigated earlier [30] . It was found that Rn atoms bind to metallic surfaces more strongly than to quartz. When searching for SHE in the 248 Cm + 48 Ca bombardments [31] , radon was isolated in a gas flow and deposited onto the surface of a silicon detector cooled down to 40-60 K. Only such low temperature ensured efficient (Van der Waals) adsorption of short-lived Rn isotopes on the detector. Recently, in the course of preparations to the new experiments with E112 and E114, it was found [32, 33] that the temperatures of Rn deposition on clean surfaces of some transition metals (Cu, Ni, Au, Pd) were by 50 to 90 K higher than those on the surface of an inert material (SiO 2 ) or oxidized metal surfaces. Taking into account that Hg is deposited on Au, Pd, and Pt even at room temperature, thermochromatography at low temperatures (with a column assembled of metal-coated α-radiation detectors) might serve for a comparative study of Hg, Rn and E112. This study is possible, in the first place, with SF-active isotope(s) such as 283 112. With α-active isotopes, it seems feasible only under the condition that E112 behaves similarly to Hg or at least deposits at a considerably higher temperature than Rn. Otherwise the high α-activity of Rn (plus its descendants) produced in the bombardment [34] will be collected in the low-temperature end of the column and interfere with the detection of E112.
Another possibility of detecting the noble-gas-like behavior of 283 112 is the measurement of SF-decay of heavy nuclei in a flowing carrier gas during the time equal or higher its half lives. We realized this particular variant and built a flow-through ionization chamber of 5000 cm 3 in volume; cf. Fig. 1 . We took into account the half-life of 283 112 observed in physical experiments, the necessary carrier gas flow rates as well as the size of the neutron detector assembly (see below).
Experiment with element 112
The experiment was performed in JINR, FLNR in November-December 2001 at the U-400 cyclotron. Fig. 2 shows the schematic layout of the setup. The target 2 was a 2 mg of U/cm 2 thick layer of nat U 3 O 8 which contained also about 35 µg/cm 2 of nat Nd. The target material was deposited onto a 2 µm HAVAR foil as a circular spot, 20 mm in diameter (working area). The foil was vacuum-tight and served also as an entrance window of the target chamber. It was supported by a thick water-cooled Cu grating 3 with an 80% transparency. In the previous work [1] , the maximum beam current was strongly limited by the damage to the center of the target due to the high local intensity of the beam. Now we used a wobbler device 5, which distributed the beam projectiles uniformly over the target; it allowed us to accept 0.6 pµA of 48 Ca ions, twice as much as earlier. We prepared four similar targets; each of them withstood a fluence of ≤ 10 18 particles. The original energy of the 48 Ca beam, 262 MeV, degraded to 242 MeV after passing the HAVAR foil and became 224 MeV at the exit of the target layer. Hence, the projectile energy in the half-thickness of the target layer was 233 MeV, and the whole energy range of the excitation function of the reaction 238 U( 48 Ca, 3n) 283 112 was covered. Some short-lived α-active Hg isotopes were simultaneously produced in the fusion reaction nat Nd( 48 Ca; xn)Hg, and multi-nucleon transfer reactions of projectiles with uranium yielded isotopes of Rn.
The nuclei recoiling from the target were thermalized in a 45-cm 3 chamber 1, which was continuously flushed with pure He gas at a pressure of about 1000 mbar. A 25 m long PTFE capillary with 2 mm i.d., i.e. 80 cm 3 in volume, connected the chamber to the registering part of the setup (placed behind a 2 m thick concrete wall). Helium carried volatile atoms first into a disk chamber with 16 PIPS detectors (Fig. 3a) . Each of them had a working area of 3.25 cm 2 coated with 30 µg/cm 2 of Au. They were arranged in 8 pairs, in which they faced each other across a gap of 1 mm. After the PIPS detectors, the carrier gas flow merged with some Ar and CH 4 (see below), passed through an aerosol filter (to remove occasional particulates) and was admitted into the 5000-cm 3 cylindrical ionization chamber (i.d. 9 cm, 75 cm in length, see Fig. 3b ).
The best performance of the chamber is achieved with a mixture of Ar and CH 4 as the counting gas and is demonstrated by the spectra of α-particles and the fragments from neutron induced fission of 235 U in Fig. 4 . However, the experiment with E112 required using pure helium in the target chamber. To have not too long ranges of the detected particles in the counting gas and so a reasonable size of the ionization chamber, we had to mix He with a comparable volume of Ar. The resulting necessity to introduce Ar + CH 4 at the inlet of the chamber made the conditions of measurements less favorable. It results in poorer energy resolution both for α-particles and for fission fragments. Varying the gas mixture composition, we found an optimum compromise: the ratio of He : Ar : CH 4 equal to 45 : 45 : 10. This provides a rather good separation of the signals from the α-particles and from the fission fragments as can be seen in Fig. 5 , though the range of some α-particles of interest still approaches the chamber diameter.
The PIPS detectors and the ionization chamber were placed inside a 1 m long assembly of 126 3 He-counters, each inserted in a block of plastic moderator [35] . The average lifetime of neutrons in the device was about ∼ 14 µs. The whole assembly detected some 60 neutrons per second coming from the working cyclotron and natural sources. Observation of the fission fragment signal in PIPS detectors or in the ionization chamber triggered a special regime aimed at the registration of prompt neutrons within the following 128 µs. For each registered neutron, there were measured the pulse amplitude and the counter number (i.e. its position in the assembly), as well as the time (to ∼ 1 µs) elapsed since the trigger signal. The detection efficiency of a single neutron measured for neutrons from the spontaneous fission of 248 Cm was about 35%. Measurements of the fission fragment energies and of the characteristics of the accompanying neutrons allowed us to significantly increase the reliability of registering rare SF events in the bombardment products.
Results and discussion
Observation of element 112
After 22.5 days of bombardment, a total beam dose of 2.8 × 10
18 of the 262-MeV 48 Ca ions was accumulated (taking into account the transparency of the supporting grate). Three flow rates of He gas (250 cm 3 /min, 500 cm 3 /min and 1000 cm 3 /min) were used during the experiment to overlap a considerable uncertainty in the reported [2] half-life of the aimed at 283 112. Taking into account that the flow rate of the He/Ar/CH 4 mixture was 2.2 times that of He, the times of complete displacement of the gas in the ionization chamber were 9, 4.5 and 2.3 min, respectively. When the time is 9 min, at least 80% of any 3-min gaseous activity must decay in the chamber. 3 /min. In contrast to this, only a minute part of the Rn activity decayed within the PIPS detector assembly and was distributed practically evenly over all the 8 pairs of the PIPSs; see Fig. 6 . In [1] we learned that non-volatile elements deposited in the recoil chamber and within the first centimeters of the PTFE capillary. Volatile metals (Hg and At) and non-metals (F, Cl, Br) adsorbed strongly on the Au coating of silicon detectors. Hence, only chemically inert very volatile species could reach the exit of the PIPS detector setup.
The excellent purification from non-volatile species was confirmed also in the present experiment by measurements some of long-lived activities after a long run. We measured the distributions of γ -activities and α-emitters in the recoil chamber, PTFE capillary, and on the PIPS detectors. At the detector entrance, we observed in the spectra only scarce counts (at the detection limit) from the non-volatile species originating in the target backing 101 Pd (8.5 h), γ -296 keV; 100 Rh (21 h), γ -539 keV; 97 Ru (2.9 d), γ -216 keV. On the first PIPS detectors, we found 185 Os (94 d), γ -646 keV, the decay product of 185 Hg. The degree of purification of gaseous elements evaluated from the detection limits in the γ -spectra was ≥ 10 4 . Measurements of α-emitters in the recoil chamber and on the PIPSs raised this limit to 5 × 10 5 . Several days after the bombardment, the major α-activity on the PIPSs was that of 210 Po -the daughter of 210 At; no α-lines with E α > 6 MeV were observed. Meanwhile, the α-spectra of the activities washed from the recoil chamber surface were very rich and complex. The ratio of the total activity E α > 6 MeV in spectra from the chamber and from the PIPSs gave us the above decontamination factor. Under the experimental conditions, no known volatile species of heavy actinoids or light transactinoids could be formed and non-volatile species could reach the detectors only due to possible aerosol transportation. Therefore, we installed an aerosol filter after the PIPS detector assembly, before the ionization chamber to achieve even more guaranteed purification from non-volatile products. From the experiments performed with recoil separators it is known that the "background" SF counts produced in the reactions of heavy ions with actinoid targets are due to the "target-like" nuclei, formed in deep-inelastic collisions with the transfer of a large number of nucleons. These are SF-isomers (T 1/2 of the order of ns to ms) and/or the long-lived nuclides like 252 Cf (2.6 y) and 254 Cf (60 d). In our case, the SF-isomers could not interfere because of the long transportation time to the detectors. Therefore, we also directly determined the yield of the long-lived SF-nuclides. We measured the SF-activity in the target, on the reaction chamber walls and in the washout from the 1st meter of the capillary. One of the four targets was used for repeated measurements of spontaneous fission of the reaction products in a wide range of times, from one hour to 10 month after the end of bombardment. Table 2 shows the results. One can see that some 90% of the SF-nuclei did not recoil from the target. In agreement with the above discussion, only long-lived SF-activities were observed: nuclei with T 1/2 ≈ 60 d (very much alike 254 Cf -then the production cross section was σ ≈ 3 nb) and a considerably weaker activity with T 1/2 > 150 d (probably 252 Cf; if so, σ ≈ 500 nb). The total SF counting rate detected out of the target layer amounted to 25 fissions per day at the end of bombardment. As there were no SF events on the surface of the capillary beyond the 1st meter of its length, and because of the high purification factors from the non-volatile atoms in our system, there could not take place any SF decays of the target-like activities in the detector assemblies.
We measured the background of the PIPS detectors and ionization chamber during 15 days before and 100 days after the experiment, in working conditions but with the gas flow stopped. The detectors were exposed to the same neutron flux from working accelerator -30 to 70 counts per second in 126 neutron counters -as in our experiments, or we simulated that flux using a Pu/Be neutron source. The PIPS detectors did not register even a single fission fragment, while the ionization chamber signaled four events. It means that the expected average number of background SF-like events in the ionization chamber during the experiment, which took 22.5 days, was slightly less than 1.
Identification of the source of such a low background would require much longer and sophisticated measurements. We can definitely exclude induced or spontaneous fission of uranium impurities in the stainless steel (SS) of the cathode: assuming ≈ 10 −7 g of nat U per gram of SS and 3 µm deep "working layer", ≈ 2500 cm 2 in area, one comes to 10 −4
probability of any fission event per day. In addition, the discussed source is "thick", so it would produce "white" pulse spectrum, which apparently was not the case. Towards the end of our E112 experiment, eight SF events had been observed, characterized by high pulse amplitude in coincidence with one or more neutrons. They are presented in Table 3 . All these events were observed in the ionization chamber, none by the PIPS detectors. The time distribution of the neutrons (see Table 3 ) is consistent with their lifetime in our detector (see above). The probability of random coincidence between a fragment pulse and one, two or three background neutrons is negligible, evidently ≈ 10 −2 , 10 −4 , and 10 −6 , respectively. As the average expected background was less than one fission event, the spontaneous fission of a volatile element formed in the 48 Ca + 238 U reaction caused most probably 7 of the observed events. The half-life of the SF-activity should be ≥ 1 min having in mind the operating speed of our technique. This result does not contradict the published data for 283 112:
. Most probably, we have observed namely this nuclide.
The 68% and 95% confidence intervals [36] for the mean "counting rate" of the "net" events are 7 +2.0 −1.2 pb for the 68% and 95% confidence intervals, respectively. Necessarily, the actual limits are more uncertain that those based just on statistics: we do not know the exact half-life of the activity, the net retention time of E112 atoms in the duct and so for Hg -with a catcher foil behind the target, for Rn -with a charcoal filter at the exit from the recoil chamber; b: estimated with T 1/2 = 3 min. their fraction surviving at the inlet of the ionization chamber, as well as the net retention time and so the fraction decaying in the chamber. Our reasonable estimate for different combinations of these factors is that our above intervals for cross section are correct only within a factor 1.5 to 2. The fragment amplitudes corresponded to what was expected for single fragments of a SF nuclide. It might indicate, first, that most of the SF events took place on the chamber walls due to a significant residence time of the atoms on SS in adsorbed state. This could well be because we observed a measurable "net" retention time in the target chamber plus PTFE capillary (see Table 4 ). Second, a 1.5 cm thick layer near the wall comprises 50% of the chamber volume, while the fragment range is ≈ 1.5 as long; it could also contribute to the apparent loss of the second fragment. Another possible reason is the well-known poorer pulse amplitude response of the ionization chamber in the presence of traces of oxygen. Unlike in the calibration measurements, now the gas could carry O 2 , which diffused into the stream through the capillary walls. The amplitude also depends on the linear energy transfer of heavy multi-charged particles. Because of these factors plus the non-optimum composition of the counting gas, our ionization chamber could not serve as a true spectrometric instrument for fission fragments. In particular, we were not able to check the expected notable difference in SF fragment energies between such a high-Z nuclide and those used for calibration.
Chemical characterization of element 112
The distributions of volatile nuclides at various flow rates and the retention times measured for Hg and Rn isotopes and evaluated for E112 as inert gas are summarized in Table 4 . We calculated the retention time proceeding from the distribution and half-life for each nuclide. Then, using the model of mobile adsorption for the description of migration velocity of species in chromatographic column and a Monte Carlo simulation [37, 38] , we evaluated the adsorption enthalpies of Rn and E112 on the gold surface of PIPSs. For Rn it is −∆H ads (Rn) ≈ 36 kJ/mol, which is in good agreement with the value obtained by vacuum thermochromatography [32] . In the case of the 3-min 283 112, from the estimated upper limit of the retention time we calculated the upper limit to be −∆H ads (112) ≤ 60 kJ/mol. The adsorption enthalpy of Hg is much higher (114 kJ/mol; see [24] ). The quantity −∆H ads can be considered as the sum of the "net" desorption enthalpy and the standard sublimation enthalpy of the adsorbate [29] . One cannot measure both constituent enthalpies separately in one experiment. Meanwhile, the limit −∆H ads ≤ 60 kJ/mol is less than the sublimation Hg enthalpy of 62 kJ/mol. Hence, the E112 bulk must be more volatile than Hg.
Thus, in the atmosphere of an inert gas in contact with PTFE and SS, the atoms of E112 behave in accordance with the predicted enhanced volatility of the element. In addition, they do not form strong metal-metal bonds when hitting the Au surface. In other words, E112 behaves more like the noble gas Rn rather than Hg. Such marked difference in the chemical properties of the transactinoid and its nearest homologue in the Mendeleev Periodic System was observed for the first time. Undoubtedly, the next step is a quantitative comparative study of physicochemical properties of Hg, Rn and E112.
